Stability of slurry trenches is an important issue during the construction of the groundwater cutoff walls and diaphragm walls, and thus gradually draws attention. In this paper, a theoretical method for a three-dimensional trench model with an inclined ground was proposed. Based on the Coulomb-type force equilibrium, a safety factor assessing the stability was derived. The results showed that the existing two-dimensional model was conservative compared to the present three-dimensional model; concretely, a greater inclined angle of the inclined ground and trench length decreased the safety factor. This work could be used to assess the trench stability for both 2D and 3D cases with inclined ground surfaces.
Introduction
Slurry trenches are often used as a hydraulic barrier to prevent the groundwater from flowing into the trenches during the construction of groundwater cutoff walls and diaphragm walls, and the slurry in the excavated trenches plays an important role in providing a lateral supporting force to the trench walls before backfilling. Therefore, slurry trench stability is a major concern. However, most of the existing studies focused on the ground movements and stress relief induced by diaphragm wall construction: Poh and Wong concluded that evaluated aspects of performance include lateral and vertical soil movements during the construction of the test wall panel [1] ; Ng and Yan confirmed the horizontal arching and downward load transfer mechanisms during diaphragm wall installation using the finite difference method [2] ; Gourvenec and Powrie investigated the impact of three-dimensional effects and panel length on horizontal ground movements and changes in lateral stress during the sequential installation of a number of diaphragm wall panels [3] ; Ng and Lei derived an analytical solution for calculating horizontal stress changes and displacements caused by the excavation for a diaphragm wall panel [4] ; Schäfer and Triantafyllidis investigated the influence of a diaphragm wall construction on the stress field in a soft clayey soil [5] ; Arai et al. conducted to examine ground movement and stress after the installation of circular diaphragm walls and soil excavation within the walls [6] ; Conti et al. studied the mechanisms of load transfer and the deformations of the ground during slurry trenching and concreting in dry sand [7] ; Comodromos et al. proposed a new approach for simulating the excavation and construction of subsequent panels to investigate the effects from the installation of diaphragm walls on the surrounding and adjacent buildings [8] ; Lei et al. proposed an approximate analytical solution to predict ground surface settlements along the centre-line perpendicular to a slurry-supported diaphragm wall panel [9] . Until now, the problem of the slurry trench stability gradually receives much attention in underground engineering. In fact, in the early stage, a two-dimensional limit equilibrium method for trench stability based on a simple Coulomb wedge for dry soil conditions was developed [10] ; later, the method was extended to account for influences of different levels of slurry in the trench and groundwater in the cohesionless soil [11] . Moreover, based on the Rankin theorem, the trench stability was assessed by considering the pressures from soils, hydrostatic slurry, and groundwater [12] . However, these mentioned methods treated the trench stability as 2 Advances in Materials Science and Engineering a two-dimensional problem and neglected stabilizing forces or shear forces acting on both ends of the failure mass, which may produce conservative results. Indeed, considering the real case including contribution of the shear forces on the both ends of the failure wedge, three-dimensional method derived from the two-dimensional limit equilibrium theory was already used to analyze the trench stability; Prater [13] and Washbourne [14] proposed planar sides to enhanced existing two-dimensional models. Nonplanar sides also were proposed [15, 16] and may yield a closer approximation to the curved geometry observed for trench failure surfaces [14, 17] ; Fox presented Coulomb-type force equilibrium analyses for general three-dimensional stability of a slurry-supported [18] .
Stability analyses using the methods from the abovementioned works have already taken into account the influences of several primary design parameters, including trench length and depth, slurry depth and density, groundwater depth, and tension crack. However, if cutoff walls locate below an inclined ground, it is necessary to consider the effect of the inclined ground surface on the trench stability. In this regard, Li et al. investigated the influence of inclination angle on trench stability by a two-dimensional model, and they showed that it was unconservative to neglect ground surface inclination when analyzing trench stability [19] .
Here, extending the two-dimensional model of Li et al. [19] to three-dimensional case, we presented an analytical solution of the safety factor and critical failure angle for a slurry-supported trench with an inclined ground, and an example was finally discussed to illustrate the variation of the safety factor and critical failure angle with different inclined angle, trench length, and groundwater depth.
Theory
A three-dimensional model of a failure wedge with length and force analysis of the model are shown in Figure 1 . In this model, the top surface of slurry is assumed to be higher than that of the groundwater surface (i.e., ℎ > ℎ ), and the trench walls were considered to be impermeable after the excavation, because there existed a layer of gradually thickened filter cake-like bentonite, which results in independency between the pore pressure in the soil and slurry pressure in the trench. It is worth mentioning that the shear strength due to soil suctions above the groundwater surface can be included by specifying an appropriate value for 1 , which is called effective stress cohesion intercept above groundwater surface, according to the total cohesion method [18, 20] . Besides, the wedge was assumed to be rigid, and temporary loads were considered uniformly distributed, and the geometric parameters 1 , 2 , , , and in Figure 1 satisfy 1 = (cos / sin( − ))ℎ, 2 = ℎ csc , = 1 cos − ℎcot , = 1 cos , and = ℎcot , in which and are angles made by the failure plane and inclined ground with respect to the horizontal plane, respectively, and ℎ is the depth of the trench.
Considering the three-dimensional case different from the two-dimensional case by Li et al. [19] , the shear resistance force acting on end planes of the wedge is treated to be parallel to the failure plane (see Figures 1(b) and 1(c) ). The shear resistance force is assumed to be uniformly distributed along the failure plane, and its magnitude proportionally varies; thus, the progressive failure effect can be neglected and the safety factor with respect to shear failure of each end plane is equal to that of the failure plane [18] . The total shear force on each end plane of the wedge is calculated as
where 1 and 2 are shear resistant forces acting on two portions of each end plane of the wedge, respectively, that is, above (I) and below (II and III) the horizontal plane; see Figure 1 (c).
For the portion (I) above the horizontal plane of the wedge, through the force analysis, 1 can be expressed as
where is the uniformly distributed temporary load on the inclined ground surface, is the safety factor, 1 and 1 are the unit weight and effective stress cohesion intercept of the soil above the groundwater surface, respectively, is the effective stress friction angle of the entire soil profile, taken as the at-rest lateral earth pressure coefficient 0 = 1 − sin is the average lateral earth pressure coefficient for the end planes of the failure wedge, and the horizontal effective stresses are
For the shear resistance force 2 acting on the portion (II and III) below the horizontal plane, it can be calculated as
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where 2 and 2 are the unit weight and effective stress cohesion intercept of the soil below the groundwater surface, respectively, is the distance between the horizontal plane and groundwater surface, and the horizontal effective stresses are
Substituting (2) and (4) into (1), the total shear resistance force applied on each end plane is
where
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For the entire wedge, the force equilibrium in the directions normal and tangential to the failure plane yields
where is the soil weight, is the equivalent concentrated force by , is the lateral force by filled slurry, is the hydrostatic groundwater force, is the effective normal force, and is the shear force on the failure plane. Through the calculations of the forces in (8), they are expressed
in the expression of / , and and ℎ are unit weight and the height of the filled slurry, respectively. Solving (8) for the safety factor of the wedge, the following is obtained:
The critical angle cr of the failure plane that corresponds to the minimum safety factor for the failure wedge is found by taking / = 0, and the equation can be solved by an iterative method. It is noted that the solution of cr should locate in the range 45 ∘ ≤ cr ≤ 90 ∘ ; otherwise will be less than zero if cr < 45 ∘ [18] .
Considering a peculiar case of cohesionless soils (i.e., 1 = 2 = 0), the expression of reduces to
Equation (11) indicates that cr is independent of , which is consistent with the analytical result for the horizontal ground by Fox [18] . The proposed analytical method is also applicable when the ground is sloping away from the trench (i.e., < 0). Under this condition, the intersection point of the inclined ground surface and the failure plane should be above the groundwater surface (i.e., 1 > 2 ).
Example
Here, we investigate the influences of different ground inclinations and trench lengths on the trench stability. The geometric and physical parameters of the trench, soil, and slurry are from Fox [21] , namely, ℎ = 20m, ℎ = 20m, = 3 m, = 11.8 kN/m 3 , 1 = 19.0 kN/m 3 , 2 = 0 kPa, 2 = 20.0 kN/m 3 , = 37 ∘ , and = 0 kN/m 2 . Moreover, 1 = 10 kPa is used for the soil above the groundwater surface to consider the soil suction effect. Figure 2 shows the relationships of the minimum safety factor or critical angle cr versus inclined angle for the two-dimensional case. In Figure 2 (a), we can see that is negatively relevant with , and decreases from 1.48 to 1.19 as varies from 0 ∘ to 15 ∘ . This indicates that the assumption of a horizontal ground (i.e., 0 ∘ ) for the inclined ground results in an overestimation of the trench stability, which may result in sliding failure of the excavated panel. When the inclined angle comes down into negative value for a specific case = −10 ∘ , equals 1.74, which is greater than 1.48 for = 0 ∘ . And more, the present prediction is comparable to that based on Rankin's earth pressure theory (the dashed line in Figure 2 (a), Morgenstern and Amir-Tahmasseb, 1965 [11] ), which validates our derived theory, and is also equal to the calculated values with the method proposed by Li et al. [19] . With the given cr , engineers can calculate the size of the potential failure mass, and reinforcement design can be made if the trench stability is not satisfactory; for example, when = 0 ∘ and cr = 58.56 ∘ , the area of the end crosssection is 22.6% greater than that for cr = 45 ∘ + (= 63.5 ∘ ). In Figure 2(b) , it is readily seen that cr decreases and then increases as changes from −10 ∘ to 35 ∘ , and the minimum value cr = 56 ∘ is obtained when = 25 ∘ . This again shows that it is necessary to determine cr instead of using cr = 45 ∘ + . Plus, Figure 2 (b) also shows that increasing 1 tends to a reduced value of cr .
The influences of the trench length on and cr are plotted in Figure 3 . It shows that is obviously affected by the trench length , and the results of the present threedimensional case move toward the two-dimensional case as tends to infinity. groundwater surface. Then, Figure 4 shows that increasing both and 1 produces an increasing safety, and this can be easily understood.
Conclusions
In this paper, we have presented an analytical solution of the safety factor for the three-dimensional model of a slurry trench with an inclined ground surface. The solution includes several parameters, such as the inclined angle of the inclined ground surface, trench length and depth, slurry depth, temporary load, and groundwater surface elevation. The results showed that increasing inclined angle and trench length results in decreasing the safety factor, but increasing the depth to groundwater and suction effect
